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A B S T R A C T
Considering the ongoing loss of aquatic habitats, anthropogenic ponds are gaining importance as substitute habitats. It
is therefore important to assess their functioning in comparison to their natural precursors. Here we assess the biodiver-
sity value of sodic bomb crater ponds by comparing their gamma diversity to that of natural reference habitats, astatic
soda pans, and assess their importance on the landscape level by studying alpha and beta diversity. We studied aquatic
organisms ranging from algae to vertebrates in a dense cluster of 54 sodic bomb crater ponds in Central Europe. Despite
the overall small area of the pond cluster, gamma diversity was comparable to that found in surveys of natural habitats
that encompassed much wider spatial and temporal scales. We also found a considerable number of species shared with
reference habitats, indicating that these anthropogenic habitats function as important refuge sites for several species that
are associated with the endangered soda pans. Moreover, we found a number of regionally or worldwide rare species.
Among the components of beta diversity, species replacement dominated community assembly. Individual ponds con-
tributed similarly to beta diversity in terms of replacement, being equally important for maintaining high gamma diversity
and emphasising the role of the pond network rather than individual ponds. This pattern was seen in all studied groups.
Bomb crater ponds therefore acted as important contributors to aquatic biodiversity. Considering the tremendous losses
of ponds throughout Europe, anthropogenic ponds should be taken into consideration in nature conservation, especially
when occurring in pond networks.
© 2016 Published by Elsevier Ltd.
1. Introduction
Ponds are the most numerous representatives of inland standing
waters (Downing et al., 2006). They host unique flora and fauna and
contribute over-proportionally to regional biodiversity (De Meester
et al., 2005; Oertli et al., 2005) and global biogeochemical cycles
(Downing et al., 2008; Downing, 2010). Currently, there is a growing
interest in pond ecology within community ecology and conservation
biology (De Meester et al., 2005; Oertli et al., 2009), mostly due to
the recent revelation and acknowledgement of their general ecological
importance (Céréghino et al., 2014). Small waterbodies are especially
vulnerable to climate change and habitat degradation (including pol-
lution, fish stocking) due to their limited volume (Biggs et al., 2005;
Brooks, 2009). The estimated loss of ponds in the 20th century ex-
ceeds 50% in many European countries, and it is even up to 90% in
some regions mainly related to agricultural land drainage and urbani
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sation (Hassall, 2014; Wood et al., 2003). Recognising the drastic loss
of ponds, restoration and reconstruction projects were recently imple-
mented in several regions worldwide (Frisch and Green, 2007; Shulse
et al., 2010; Williams et al., 2010). Ponds created for human purposes
or as a side effect of various anthropogenic activities are widespread,
and may act as important surrogate habitats for species of which the
natural habitats have been lost. However, we generally lack informa-
tion how anthropogenic freshwater habitats, including ponds, support
biodiversity (Chester and Robson, 2013).
Conservation actions usually aim at maximising diversity either
at the local (alpha) or at the landscape level (gamma diversity). Nat-
urally, these two entities are inherently linked through community
turnover among habitats (beta diversity), but beta diversity itself is
rarely considered explicitly (Airoldi et al., 2008; McKnight et al.,
2007; Socolar et al., 2016). Directly addressing beta diversity in-
volves the analysis of spatial heterogeneity in addition to the link
between local environment and community composition, hence such
an approach helps identifying factors and processes maintaining di-
versity on the landscape level (Fairbanks et al., 2001; Margules and
Pressey, 2000; McKnight et al., 2007). Detailed analyses of commu
http://dx.doi.org/10.1016/j.biocon.2017.02.025
0006-3207/© 2016 Published by Elsevier Ltd.
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nity turnover in space are predominantly done in terrestrial systems
(although examples for aquatic systems also exist, e.g. Al-Shami et al.,
2013; Maloufi et al., 2016). In context of the ongoing loss of aquatic
habitats, the role of spatial heterogeneity and the explicit analysis of
beta diversity represent a particular gap (Socolar et al., 2016). Beta
diversity of small aquatic habitats such as ponds is generally consid-
ered to be high, serving as a frequent argument for the importance of
their conservation (De Meester et al., 2005), but this is rarely taken
into consideration in their practical conservation which relies on pri-
oritizing individual habitats (Hill et al., 2016).
Different organism groups may display various levels of congru-
ence in their regional distribution patterns. Their simultaneous con-
sideration enables us to achieve a more holistic understanding on the
assembly of communities and more efficient conservation planning
(Paavola et al., 2003; Schouten et al., 2010). However, when it comes
to ponds, most studies have surveyed them as habitats for amphibians
(e.g. Beja and Alcazar, 2003; Knutson et al., 2004; Ruhí et al., 2012),
macroinvertebrates (e.g. Becerra-Jurado et al., 2012; Céréghino et al.,
2008; Wood et al., 2001) or plankton (e.g. De Bie et al., 2007; Gallego
et al., 2012; Mimouni et al., 2015), while biodiversity studies simulta-
neously considering different organism groups are much rarer (excep-
tions include e.g. De Bie et al., 2012; De Marco et al., 2013; Lemmens
et al., 2013).
We aim here to assess the biodiversity value of a peculiar type
of anthropogenic habitat, bomb crater ponds. These habitats occur
all over the world in areas affected by military activities in the past
100 years. In our study region, the Pannonian Plain in Central Eu-
rope, they form very dense clusters of habitat patches. They were
created mainly by military exercises over the last 70 years or mis-
targeted bombings during World War II. Being considered wartime
scars, many of these bomb crater ponds are currently subject to grass-
land rehabilitation measures (including filling most of them in). These
measures are typically applied without a proper evaluation of their
contemporary biodiversity. Due to their common origin, bomb crater
ponds represent morphologically very similar habitats. Additionally,
ponds within clusters were created at the same time and in restricted
geographic regions, providing ideal model systems to study how an-
thropogenic ponds maintain biodiversity on a spatial scale of where
most conservation efforts take place. In general, we know very lit-
tle about their aquatic communities, and so far they have never been
specifically addressed by regional-scale studies.
As a model system, we chose a confined area harbouring a dense
cluster of bomb craters situated in Central Hungary (54 ponds within
a 1 km scale). We sampled these habitats simultaneously for benthic
diatoms, zooplankton, macroinvertebrates and amphibians. Our first
aim is to quantify their entire species inventory at the landscape level
(gamma diversity) and compare it to other natural habitats in the re-
gion. Second, we aim to investigate how the observed gamma diver-
sity is maintained within the cluster of bomb crater ponds by studying
alpha and beta diversity (along with its components), and identify their
main environmental drivers. More specifically, we test whether the in-
dividual contribution of ponds to the total variation (i.e. beta diver-
sity) is similar or some habitats are unique biodiversity hotspots and
should have higher conservation priority. By targeting multiple organ-
ism groups, we will also investigate whether there is a congruence pat-
tern in diversity among them.
2. Materials and methods
2.1. Study area
The Pannonian Plain in Central Europe is characterised by diverse
aquatic habitats, including a variety of ponds and pools (Boven et
al., 2008a; Lukács et al., 2013), and even regionally restricted unique
habitats with high conservation value such as the astatic soda pans,
which are inland saline waters (Boros et al., 2014; Horváth et al.,
2013a). The Kiskunság region in Hungary is a central part of the Plain,
located on the interfluve of two large rivers, Danube and Tisza. It en-
compasses a diverse array of both aquatic (shallow lakes, swamps,
peat bogs, sodic marshes, soda pans, temporary pools etc.) and ter-
restrial habitats (wet and dry meadows, sandy and sodic grasslands,
semi-arid sand dunes, steppes etc.). These altogether allow the exis-
tence of a unique flora and fauna, with a high number of rare and en-
demic species (Boven et al., 2008b; Kovács-Láng et al., 2008; Ladányi
et al., 2015). Large parts of the region belong to the Kiskunság Na-
tional Park and are parts of a UNESCO Biosphere reserve, while a
number of aquatic habitats are listed under the Ramsar Convention,
Natura 2000 or IBA sites.
A dense cluster of bomb crater ponds is situated in the northern-
most part of the National Park (47°7.403′N 19°8.187′E), near to the
village of Apaj, Central Hungary, consisting of 112 ponds within a
1 km scale (Fig. 1 and Appendix, Fig. A1). They were created at the
same time by mistargeted bombing of the nearby airport during World
War II. Being formed on a sodic meadow, they hold sodic water (i.e.
dominated by sodium carbonates and hydrocarbonates, see Appendix,
Fig. B1). Their diameter varies between 3 and 12 m. While all of them
are temporary waters, some (N = 58) hold water only for a few weeks
mainly in early spring, fed by snowmelt, or after heavy rains through-
out the year. These ponds have a maximum depth of 40 cm and many
of them are overgrown by vegetation of common reed (Phragmites
australis) and sedges (predominantly Bolboschoenus maritimus). The
deeper ones (which are still < 1 m deep) are astatic, usually drying
out in summer and filling up during late autumn or winter (N = 54).
These deeper ponds have a bottom mostly free of marsh plants and
have higher salinity. Some of them are inhabited by the Pannonian
endemic fairy shrimp, Chirocephalus carnuntanus, already indicating
the importance of the area for temporary water biodiversity (Horváth
and Vad, 2015).
Due to their sodic and temporary features, these ponds are compa-
rable to the natural astatic soda pans, which we used as reference habi-
tats for floral and faunal similarities. Soda pans are an inland saline
habitat type with distribution restricted to the Pannonian Plain in Eu-
rope (Horváth et al., 2014). These habitats represent an important nat-
ural heritage by hosting unique flora and fauna (Stenger-Kovács and
Lengyel, 2015; Tóth et al., 2014) and as feeding grounds for sev-
eral endangered waterbird species (Horváth et al., 2013a,b). How-
ever, soda pans have higher surface to volume ratio, a larger share
of open water surface (i.e. without macrophytes; Boros et al., 2014),
and their ecology is strongly linked to waterbirds (Boros et al., 2008),
which features also imply basic differences between them and the
sodic bomb crater ponds, which are only very scarcely visited by wa-
terbirds.
2.2. Sampling
Between 7 and 9 May 2014, we performed a sampling for mul-
tiple groups (benthic diatoms, zooplankton, macroinvertebrates and
vertebrates) along with physico-chemical measurements. By early
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Fig. 1. The location of the study area in Europe (a) along with a map (b) and one example (c) of the habitats. On panel (b), the 54 ponds sampled within the study are indicated with
filled white circles.
May, phytobenthos is already well-developed, and most macroinver-
tebrate and zooplankton species can generally also be found in late
spring before summer desiccation. We sampled all habitats of the area,
except for the ones with very short hydroperiod, which were already
dry at this time of the year. This altogether resulted in 54 ponds.
Water depth, Secchi depth, and diameter of each pond, along with
the percentages of open water surface and macrophyte coverage (sub-
merged and emergent plants were considered separately) were
recorded in situ. For measuring physico-chemical variables, we used a
Eutech CyberScan PCD 650 field equipment for in situ determination
of conductivity, pH and water temperature. Besides, water samples
(1-litre subsample of a randomly collected 10-litre water sample) were
taken for further laboratory analysis of total suspended solids, chloro-
phyll a and nutrient concentrations (total phosphorus, ammonium and
nitrate concentrations).
Benthic diatom samples were primarily taken from green common
reed (Phragmites australis) stems, or, if it was absent, from alkali bul-
rush (Bolboschoenus maritimus) or narrowleaf cattail (Typha angus-
tifolia). Given the absence of vegetation in four ponds, samples were
only collected from 50 ponds. We cut a 10-cm section of the stems
starting at 10 cm below the water surface. Stems were chosen ran-
domly in five replicates per pond.
For zooplankton samples, 10 l of water were randomly collected
from the open water of each pond and sieved through a 45 μm mesh
net thereafter. Separate samples were taken for rotifers and crus-
taceans. For macroinvertebrates, we applied sweep netting for three
minutes per pond (frame-size: 0.25 × 0.25 m2, mesh size: 500 μm), in-
cluding all the microhabitats that were present in the ponds and the up-
per layer of the sediment. The samples were preserved in 70% ethanol.
For amphibians, 6 samplings were conducted during the breeding
season (March–June), and another survey in September, including all
112 ponds of the area. These occasions were also used for recording
any further presence of fairy shrimps. Hand netting supplemented by
visual searching was used to record amphibians and dip netting for
frog larvae and newts. In deeper and turbid waterbodies, hand netting
time was maximised in 15 min. In smaller ones with high water trans
parency, < 15 min was considered to be representative. We were
searching for amphibian larvae both in the centre and edge of the wa-
terbodies, changing position in every minute. After identification, we
released the captured specimens back into the ponds. We also recorded
the presence of reptiles based on visual observation. Given the large
difference between the gamma diversity of amphibians and reptiles
compared to those of other groups and that fairy shrimps disappeared
by May, data on amphibians, reptiles and fairy shrimps were only used
for the species list of the area (Appendix, Table C2).
2.3. Processing samples
2.3.1. Water analysis
The concentration of total suspended solids (TSS) was determined
gravimetrically by filtering water (2–50 ml, depending on turbidity)
through pre-dried (oven-drying at 105 °C) and pre-weighted cellu-
lose-nitrate membrane filters (pore size: 0.45 μm). Total phospho-
rous (TP) concentrations were measured spectrophotometrically as
molybdate reactive phosphorous after persulphate digestion (Eaton
et al., 2005). The concentrations of nitrate (NO3-N) and ammonium
(NH4-N) were determined spectrophotometrically using the sodium
salicylate method for NO3-N (Scheiner, 1974) and the manual spectro-
metric method for NH4-N (ISO, 1984). For chlorophyll analysis, a vol-
ume of 5–100 ml was filtered on glass-microfibre filters. Filters were
stored frozen at − 20 °C. Chlorophyll a was eluated with methanol,
boiled in a water bath for 2 min and measured spectrophotometrically
after cooling (Sartory and Grobbelaar, 1984).
2.3.2. Analysis of biological samples
For analysing diatom samples, epiphyton was removed from the
stems in the lab using different brushes and tap water and the sam-
ples were preserved with formaldehyde. Later on, they were treated
with H2O2 and HCl (MSZ EN, 2014), washed five times with distilled
water, and mounted with Naphrax® mounting medium. For identi-
fication, we used an Olympus IX70 inverted microscope equipped
with differential interference contrast (DIC) optics at magnification
of 1500 ×. At least 400 valves were counted and identified to species
level per sample. For problematic taxa, a Zeiss EVO 10 scanning
UN
CO
RR
EC
TE
D
PR
OO
F
4 Biological Conservation xxx (2017) xxx-xxx
electron microscope was used for more precise identification. The
treated samples were washed in distilled water, filtered through a
3 μm-mesh polycarbonate membrane, fixed on SEM stubs and coated
with gold.
Depending on the densities, 10–20% of the zooplankton samples
(achieved by subsampling of the total sample volume, 100 ml) were
checked and all the observed specimens were identified to species
level (usually at least 300 individuals for both rotifers and crustaceans)
except for bdelloid rotifers that were treated as one single taxonomic
group. We then checked the whole sample for rare species.
Among macroinvertebrates, coleopterans (except for some spe-
cific families/genera; Appendix, Table C1), heteropterans, odonates
and chironomids were generally identified to species, while the other
taxa (e.g. dipterans apart from chironomids) to genus or higher levels.
In the analyses, we use the resulting number of taxa as “number of
species”.
The taxonomic keys we used for the identification of each group
are listed in Appendix B.
2.4. Data analysis
To present the general patterns in the environmental characteris-
tics of the bomb crater ponds, we did a principal component analy-
sis (PCA). As our variables had different scales, we performed the
analysis on a correlation matrix with all variables being standardised
to unit variance. Some environmental variables were transformed to
normalise their distribution (details in Appendix, Fig. D1). PCA was
performed with the ‘vegan’ package in R (Oksanen et al., 2013). A
pairwise correlation plot of the environmental data is given in the Sup-
plementary material (Appendix, Fig. D1).
In the species lists (Appendix Table C1 and C2), we present 111
macroinvertebrate taxa, but we use only 107 in the statistical analy-
ses. We excluded Anostraca (2 species) as they were not observed dur-
ing the main sampling when all other macroinvertebrates were col-
lected. We also merged some Coleoptera and Heteroptera taxa, due to
the high frequency of juveniles of congeneric species that could not
be distinguished. The latter was carried out for large Dytiscidae spp.
(adults were identified as Cybister lateralimarginalis and Dytiscus cir-
cumflexus) and the two Notonecta species (Notonecta glauca and No-
tonecta viridis).
To visualise the relationships between the mean alpha and ob-
served gamma diversities of the three dominant groups (benthic di-
atoms, zooplankton, macroinvertebrates), we constructed species ac-
cumulation curves based on 999 random permutations with the
‘specaccum’ function of ‘vegan’ package in R (Oksanen et al., 2013).
To reveal the structure of gamma diversity in the three main
groups, we partitioned it into relativised additive components, i.e.
species replacement (Repl), richness difference (RichDiff) and sim-
ilarity (Similarity) for all pairs of sites based on presence-absence
data matrix. Here, Repl and RichDiff are the two components of beta
diversity. Repl refers to the substitution of species among samples,
while RichDiff indicates how much communities differ from each
other in their number of species (Legendre, 2014). For this, we used
the SDR-simplex approach (Podani and Schmera, 2011) based on Jac-
card index. The pairwise values can then be presented on ternary plots
(i.e. simplices) where Repl + RichDiff + Similarity = 1. With the pair-
wise sums of the additive components, it is also possible to compare
the contribution of beta diversity (Repl + RichDiff) and nestedness
(RichDiff + Similarity) to gamma diversity.
We then checked how individual ponds contribute to the species
replacement and richness difference partitions of beta diversity.
Legendre and De Cáceres (2013) proposed a method that allows calcu-
lating the local contribution to beta diversity (LCBD), in other words,
the taxonomic uniqueness of individual sites in a region. The idea be-
hind is that beta diversity can be measured as the total variation of a
species by site community matrix and can be partitioned into species
or local (i.e. site) contributions to beta diversity. LCBD can further be
split into components, the local contributions of replacement and rich-
ness difference to total beta diversity (we will refer to this components
as ReplLCBD and RichDiffLCBD throughout the text) can be calculated
(Legendre, 2014).
To identify the primary predictors of alpha and beta diversity, we
regressed local species richness (i.e. number of species) as a mea-
sure of alpha diversity, LBCD, and the two components of LCBD
(ReplLCBD and RichDiffLCBD) against the available suite of environ-
mental gradients. Since some environmental predictors turned out to
be highly collinear (Fig. 2; Appendix, Fig. D1), we performed an a
priori data reduction by removing correlating variables based on pair-
wise Pearson's correlations (removing variables with r values larger
than 0.6). We retained conductivity, TP, water depth, total surface
area, and a proxy for dissolved inorganic nitrogen (DIN; derived from
the summarized concentrations of NO3-N and NH4-N) in our initial
set of explanatory variables. Initial analysis indicated non-linear rela-
tionships between some dependent and independent variables. There-
fore we performed multiple linear regression using generalized ad-
ditive models (GAMs) that allow fitting curvilinear relationships by
smooth regression splines (Wood, 2011). Explanatory variables were
then sequentially removed until only significant ones were retained
in the final model (p < 0.05). We applied data transformations for
macroinvertebrate LCBD and diatom, zooplankton and macroinver-
tebrate RichDiffLCBD (negative reciprocal transformation), macroin-
vertebrate ReplLCBD (square transformation), zooplankton LCBD and
zooplankton and diatom species richness (ln transformation) to nor-
malise model residuals. Among environmental predictors, TP and
DIN were log-transformed. For an additional support for the
Fig. 2. PCA biplot for the recorded environmental variables and the sampling sites. Ab-
breviations: cond – conductivity, Z – depth, ZS – Secchi depth, Chl – chlorophyll a,
TSS – total suspended solids, Turb – turbidity, DIN – dissolved inorganic nitrogen, TP
– total phosphorus, A – total surface area, open –open water surface, emer – emergent
macrophyte coverage, subm – submerged macrophyte coverage.
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role of environment, we ran the same analyses but this time using the
first three axes (accounting for 76% of the total variation) of the PCA
constructed for all measured environmental variables (see details on
PCA above). GAMs were built with the ‘mgcv’ package of R (Wood,
2011).
3. Results
The investigated bomb crater ponds exhibited considerable varia-
tion in their physico-chemical environment (Table 1, Fig. 2). Conduc-
tivity correlated positively with pond size, pH and open water surface
(i.e. less covered by macrophytes; Appendix Fig. D1). These were also
grouped as one major group of environmental gradients on the PCA
(Fig. 2). The second group of collinear variables comprised total sus-
pended solids, chlorophyll a and water depth (the latter inversely cor-
related with the first two variables). Total phosphorus was situated
in-between these two gradients on the PCA.
Altogether, we recorded 80 diatom, 74 zooplankton (48 rotifer,
26 crustacean), 111 macroinvertebrate and 9 vertebrate taxa. Among
them, we found a number of halophilic specialists that were so far only
reported from soda pans in the region, along with some rare and poten-
tially threatened species (Table 2). A comparison of gamma diversities
with that of the natural reference habitats (soda pans) revealed 45% of
shared taxa in diatoms, 30% in zooplankton, 22–86% in macroinverte-
brates and 100% in vertebrates. These comparisons along with species
with the highest conservation values are summarized in Table 2, while
a complete taxa list is provided in Appendix (Table C1).
Local species richness ranged between 0–30 (diatoms), 3–23 (zoo-
plankton) and 1–32 (macroinvertebrates). The observed gamma di-
versities were 6.0 (diatoms), 7.6 (zooplankton) and 5.6 (macroinver-
tebrates) times higher than the average alpha diversities (mean ± SD
for diatoms: 13.4 ± 4.9, zooplankton: 9.7 ± 4.8, macroinvertebrates:
19.2 ± 6.6; Fig. 3). Beta diversity was mostly driven by Repl rather
than by RichDiff in all three groups (Fig. 4). Relativised beta diver-
sity (sum of Repl and RichDiff; diatoms: 62.0%, zooplankton: 75.4%,
macroinvertebrates: 72.3%) was also higher than nestedness (sum
of RichDiff and Similarity; diatoms: 59.9%, zooplankton: 54.7%,
macroinvertebrates: 53.9%).
RichDiffLCBD showed a right-skewed pattern according to the dis-
tribution frequency of calculated values, meaning that only a limited
number of species-poor or species-rich sites occurred that contributed
overproportionally to beta-diversity. In contrast, ReplLCBD showed a
rather symmetric distribution frequency, which means that the major-
ity of habitats contributed similarly to species replacement among the
sites (Fig. 5, maps are presented in Appendix, Fig. E1). This pattern
was very consistent among the three major groups, and was the most
Table 1
Ranges, mean and median values of the environmental variables recorded for the 54 in-
vestigated bomb crater ponds.
Min Max Mean ± SE Median
Area (m2) 7.1 113.0 45.2 ± 3.0 38.5
Depth (cm) 4.0 60.0 34.6 ± 2.0 35.5
Conductivity (mS cm− 1) 1.3 7.1 3.4 ± 0.2 3.4
pH 7.8 9.4 8.5 ± 0.0 8.4
Secchi-depth (cm) 2.0 50.0 17.4 ± 1.4 18.0
Total suspended solids (mg l−1) 6.8 1390.0 113.6 ± 28.5 51.7
Total phosphorus (mg l−1) 0.0 1.7 0.7 ± 0.1 0.5
Chlorophyll a (μg l−1) 0.0 387.6 33.2 ± 9.6 10.5
Dissolved inorganic nitrogen (mg l−1) 0.2 3.7 0.3 ± 0.0 0.3
Open water surface (%) 15.0 100.0 85.4 ± 2.4 94.0
Submerged macrophyte coverage (%) 0.0 20.0 0.7 ± 0.5 0.0
Emergent macrophyte coverage (%) 0.0 85.0 13.7 ± 2.4 6.0
pronounced for macroinvertebrates (where ReplLCBD showed
left-skewed distribution, implying an even larger difference between
the relative importances of the two beta diversity components).
Among environmental variables, TP was the only significant driver
of diatom species richness, while zooplankton and macroinvertebrate
species richness responded to more environmental gradients (Table
3). Among the predictors of LCBD, conductivity was significant in
all three organism groups, along with TP (diatoms) and water depth
(zooplankton and macroinvertebrates). Regarding ReplLCBD, conduc-
tivity was significant for diatoms and area for macroinvertebrates,
while in RichDiffLCBD, TP for diatoms and conductivity for zooplank-
ton. We did not find significant explanatory variables for zooplank-
ton ReplLCBD and macroinvertebrate RichDiffLCBD. Generally, alpha
diversity and LCBD was best explained by the environmental parame-
ters (R2 adjusted ranged between 0.33–0.48 and 0.36–0.43). The com-
ponents of LCBD, ReplLCBD and RichDiffLCBD could be explained less
efficiently (Table 3). These patterns were very similar in the analyses
with PCA axes as explanatory variables (Appendix, Table F1).
4. Discussion
Despite its small size, the cluster of bomb crater ponds studied
here harboured a high biological diversity. For several taxa addressed
in this survey, gamma diversity was comparable to that seen in nat-
ural reference habitats in the region. Moreover, some rare or endan-
gered species were identified in every group (diatoms, zooplankton,
macroinvertebrates, and vertebrates). Our analyses provide evidence
for the primary importance of the whole pond network, rather than
that of individual ‘high-priority’ ponds for the maintenance of gamma
diversity. This is supported by the fact that species replacement was
the dominant pattern of community assembly, and the contribution of
replacement to total beta diversity was similar among the individual
ponds in the network. These patterns generally hold for all three inves-
tigated organism groups.
When it comes to the assessment of the biodiversity value of an-
thropogenic habitats, it necessarily raises the question how important
they are as refuge compared to natural habitats or as surrogate habitats
when similar natural habitats are already lost (Chester and Robson,
2013). The species composition of the bomb crater ponds showed
strong similarities to the flora and fauna of their reference habitats,
soda pans, with a considerable number of shared species (Table 2). Es-
pecially interesting are the halophilic taxa that were previously only
reported from soda pans in the region. Soda pans are the only natural
saline waters in Central Europe, and they suffered serious decline in
their numbers since the 18th century. Habitat loss is estimated to be
80% in Kiskunság (Horváth et al., 2013b), the region where the stud-
ied bomb crater ponds occur. Moreover, we found several specialists
of temporary waters – habitats that are also disappearing at an alarm-
ing rate in most parts of the world (Jeffries et al., 2016; Zacharias
and Zamparas, 2010). Considering this, the bomb craters represent a
valuable refuge for halophilic and temporary water species along with
halotolerant taxa comprising the communities of soda pans in general.
The bomb crater ponds studied here act as surrogate habitats for sev-
eral species associated with both soda pans and temporary freshwater
habitats. This is also supported by the presence of flagship groups of
temporary waters like fairy shrimps (Belk, 1998; Gascón et al., 2012),
and the high diversity of amphibian species (most of them showing
decreasing trends in their distribution; IUCN, 2016).
During the last 70 years since their origin, the bomb craters de-
veloped some gradients in the local environmental factors. They dis
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Table 2
Number of species found in the bomb crater ponds and in reference habitats. Overlap stands for the ratio of species shared with the species set of reference sites, except for Coleoptera,
where we compared the overlap in genera due to differences in the taxonomic resolution (indicated with an asterisk). Only taxonomic groups with multiple species are included.
References cited in the table are as follows: 1Stenger-Kovács and Lengyel, 2015; 2Levkov, 2009; 3Hofmann et al., 2011; 4Tóth et al., 2014; 5Fontaneto et al., 2006; 6Horváth et al.,
2013b; 7Eder and Hödl, 2002; 8Gołdyn et al., 2012; 9Horváth and Vad, 2015; 10Boven et al., 2008b; 11Forró, 2000; 12Petri et al., 2012; 13Csabai et al., 2002; 14Cozma et al., 2014;
15Csarmann, 2008; 16IUCN, 2016; 17Boros and Horváth, 2013.
Target group
Nr. of
species
(this
study)
Nr. of
species
(reference
habitats) Overlap Description of the reference study Notable species Description
Diatoms 80 188 45% (42
out of 93)
Long-term, large-scale survey with 210
samples from 31 soda pans in Austria and
Hungary, listing the most typical 93 species of
soda pans1
Halamphora dominici Worldwide rare, halophilic, found only
in a chilean salt lake and in soda pans
of Central Europe1,2
Halamphora paravenata,
H. subcapitata,
Hantzschia abundans
Halophilic, only occur in soda pans in
Central Europe1
Caloneis schumanniana,
Gyrosigma acuminatum
Declining distributions according to the
European Red list3
Surirella brightwelli,
Gomphonema jadwigiae
First findings in Hungary; S. brightwelli
is halophilic3
Zooplankton 74 148 30% (45
out of
148)
All 110 soda pans in Central Europe4 Arctodiaptomus spinosus Natronophilic, indicator species of soda
pans4
Brachionus
asplanchnoides, Lecane
lamellata, Hexarthra
fennica
Halophilic, occurring exclusively in
saline waters
Macroinvertebrates
Anostraca 2 3 33% (1
out of 3)
Ninety-one soda pans in Central Europe6 Chirocephalus
carnuntanus,
Eubranchipus grubii
Both can be considered ‘near
threatened’ or ‘vulnerable’ based on
IUCN criteria7,8;
C. carnuntanus is Pannonian endemic9;
E. grubii was only reported twice in the
last 25 years in Hungary10,11
Coleoptera 52 61 86% (26
out of
30)*
Eighteen soda pans and large sodic marshes, in
a four-year study with a much higher spatial
extent12
Enochrus hamifer Halophilic, almost exclusively occurring
in saline waters13
Odonata 6 27 22% (6
out of 27)
Lestes dryas Protected by law in Hungary
Heteroptera 14 26 54% (14
out of 26)
Seasonal samples from 29 soda pans and sodic
habitats between 1997 and 201014
Chironomidae 23 Unknown Unknown No comparable studies
Vertebrates All amphibians and reptiles are
protected by law in Hungary
Amphibia 7 7 100% (7
out of 7)
Seasonal study of 35 soda pans and marshes in
Austria15
Triturus dobrogicus ‘Near threatened’ with decreasing
population trend16; reproduction
observed in the bomb craters
Bombina bombina, Hyla
arborea, Pelobates fuscus,
Pelophylax esculentus
complex
Reproduction observed in the bomb
craters; B. bombina, H. arborea and P.
fuscus show decreasing population
trends16
Reptilia 2 2 100% (2
out of 2)
All soda pans in Central Europe17 Emys orbicularis ‘Near threatened’16; reproduction
observed in the bomb craters
played salinities from sub- to hyposaline values (Hammer, 1986).
Concentrations of total phosphorous and chlorophyll a ranged from
oligotrophic to hypertrophic conditions. Some ponds were completely
void of aquatic macrophytes, others were fully overgrown and there
was an approximately 16 times difference between the area of the
smallest and biggest habitats. Both TP (an indicator of trophic sta-
tus) and conductivity were important predictors of species richness
and LCBD. However, the directions of these relationships were dif-
ferent within the groups. For example, diatom species richness scaled
negatively with TP, while the relationship between diatom LCBD
and TP was positive. Similarly, in zooplankton and macroinverte-
brates, conductivity showed a negative relationship with species rich-
ness, while its relationship with LCBD was U-shaped - meaning that
the most unique communities were situated towards the two ends of
the gradient. This has an important message for conservation, namely
that the richest ponds do not necessarily host the most unique com
munities. This is also supported by examples on other systems and tax-
onomic groups (da Silva and Hernández, 2015; Heino and Grönroos,
2017; Legendre and De Cáceres, 2013; Mimouni et al., 2015; Qiao
et al., 2015), while at the same time, this is not an obligatory pattern
(Legendre and De Cáceres, 2013).
While species richness and LCBD showed relatively strong re-
lationships with the environment, the total explained variance for
ReplLCBD was limited. At the same time, species replacement was
the dominant component of gamma diversity. According to Legendre
(2014), species replacement predominantly implies the role of envi-
ronmental filtering, competition or historical effects. As even with the
rather exhaustive list of environmental variables we recorded, only
a limited amount of the variation in ReplLCBD could be explained,
this suggest that processes other than environmental filtering may
act to maintain gradual replacement of species among ponds in the
area. Although heterogeneity among local communities may arise
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Fig. 3. Species accumulation curves constructed for benthic diatoms, zooplankton
(Cladocera, Copepoda, Rotifera) and macroinvertebrates (Coleoptera, Heteroptera,
Odonata, Chironomidae). Each sample refers to one pond.
from seasonal differences among habitats, the very limited spatial
scale rules out of the relevance of climatic gradients. Asynchronous
seasonal forcing should be especially unlikely among most macroin-
vertebrates, e.g. in aquatic insects that were represented by 107 out
of 111 taxa in our data set. In their case, re-colonization cannot hap-
pen locally from the egg bank (unlike in plankton, where differ-
ences among local hatching cues might add to asynchrony on the re-
gional level). As there were no systematic differences among these
groups, seasonality as the primary driver can be refuted. Similarly to
ReplLCBD, RichDiffLCBD can to some extent also reflect environmen-
tal gradients, especially if there is a substantial community thinning
along a certain gradient (Legendre, 2014). Interestingly, even though
the significant explanatory factors of species replacement in the three
organism groups resembled the ones for species richness, they did not
explain a similarly high proportion of variation.
The three organism groups under study exhibited similar regional
patterns with the overall dominance of species replacement. Diatoms,
however, proved to be overall more similar than zooplankton and
macroinvertebrates. When identifying the main drivers of alpha and
beta diversity, diatoms seemed to be more strongly driven by TP (an
indicator of trophic status) than the other two groups, as it was a sig-
nificant driver of both diatom species richness, LCBD (together with
conductivity) and RichDiffLCBD. Their ReplLCBD, however, was dri-
ven solely by conductivity. This overall suggests that total phospho-
rus mainly affects their richness while conductivity drives the gradual
replacement of species (we however acknowledge that we cannot ex-
clude the effect of some collinear variables not used in the analyses,
e.g. TP was highly correlated with pH and the amount of total sus-
pended solids; Appendix, Fig. D1). Macroinvertebrates and zooplank-
ton proved to be more similar to each other in respect to the significant
effect of conductivity on both richness and LCBD in the two groups.
Congruency among aquatic taxa is generally low when considering
cross-taxa correlations in alpha or beta diversity, for which the most
often considered explanation is their differential response to environ-
mental conditions (Heino, 2010). Our study gives an example for these
responses: altogether, we found that the groups were most congruent
in the response to environmental gradients in LCBD, less in species
richness, while almost no similarities were found among the signifi-
cant predictors of either LCBD component.
Beta diversity of ponds is often higher than that of other water-
bodies (Davies et al., 2008; Williams et al., 2004). However, studies
hitherto focusing on beta diversity of ponds were performed on much
larger spatial scales; moreover, they did not quantify how the indi-
vidual ponds contributed to the overall variability in community com-
position. In this study, we assembled a dataset on one specific type
of ponds, occurring in a confined region, where catchment-level dif-
ferences (e.g. human disturbance, differences in the regional species
set, climatic gradients) can be ruled out. From a management/conser-
vation perspective, one might expect similar communities in each in-
dividual pond (judging by their similarity in morphological features
and their same age) and therefore overall a limited added value emerg-
ing from a cluster of such habitats. However, for all groups, our study
clearly shows a high species replacement among ponds. The land-
scape-level species inventory for all groups therefore seems to de-
pend on the existence of multiple habitats. Currently, a major issue re-
lated to secondary habitats is whether they can be considered solely
as supplementary habitats for the natural ones, or whether they func-
tion as a standalone network (Chester and Robson, 2013). Here we
have shown that the bomb crater ponds are hosting a considerable
share of the species set of natural habitats and can therefore be con-
sidered as their partial replacement. At the same time, they also func
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Fig. 4. SDR-simplices for benthic diatoms, zooplankton and macroinvertebrates. Each small dot (black) represents a pair of sites, while the large dots (grey) stand for the mean
values of the additive components (RichDiff – richness difference, Repl – species replacement). The mean percentage value of each additive component is given in brackets.
tion as an independent habitat network that is capable of maintaining
high gamma diversity.
Ponds are highly dynamic ecosystems with pronounced annual
and inter-annual changes in environmental conditions (Hassall et al.,
2012). Taxa living in (temporary) ponds are adapted to environmental
fluctuations and compensate frequent local extinctions by fast re-col-
onization (Frisch and Green, 2007; Jeffries, 1994). Rescue effects
through dispersal among ponds may be favoured in a dense pond net-
work as in our study, where there are several habitat patches, and their
availability (due to drying out or changing local conditions) for spe-
cific taxa might change with time. The short distances between ponds
ease (re-)colonization for both actively and passively dispersing taxa
in the network (patch dynamics).
5. Conclusions and implications for conservation
We showed that the explicit consideration of beta diversity along
with its components might provide important insights for assessment
and management of protected areas. In spite of sampling data from
a cluster of morphologically similar habitats situated in close prox-
imity, we found a high degree of spatial compositional turnover. The
overall outstanding importance of species replacement in all organism
groups strongly underlies the importance of conserving all ponds as
a network, as the high gamma diversity seen here can only be sus-
tained by a high number of sites. This finding is an important mes-
sage for habitat management, given that recent pond conservation ac-
tions are generally site-specific, i.e. trying to prioritize ponds accord-
ing to their local species richness and composition, while ignoring
spatial community turnover (Hill et al., 2016). We found different
degree of congruence among the three investigated groups regarding
their diversity patterns along environmental gradients. This supports
the importance of simultaneously considering multiple organism
groups, each of which with their specific traits that can provide a more
comprehensive understanding on the most important environmental
factors that should be maintained for high gamma diversity across
taxa.
Besides the high overall gamma diversity across the investigated
organism groups, the bomb crater ponds proved to be important surro-
gate habitats, hosting even regionally and globally rare species. Based
on these, we argue that they do not deserve their negative reputation.
The bomb crater ponds studied here act today as unusual and distinc-
tive reservoirs for temporary water biodiversity, being a partial re-
placement for the lost natural habitats. Considering the serious losses
of ponds in Europe, they should be deemed as habitats of outstanding
value, treated as core areas of pond conservation, particularly when
occurring in dense clusters as in our study area.
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Fig. 5. The local contribution of richness difference (RichDiffLCBD) vs species replace-
ment (ReplLCBD) to total beta diversity together with the distribution frequency of the
values of these two indices among the ponds. Separate plots show the results for di-
atoms, zooplankton and macroinvertebrates.
Table 3
Significant predictors of local species richness (alpha diversity), local contribution to
beta diversity (LCBD) and the two components (replacement, richness difference) of
LCBD in each of the investigated organism group, resulting from generalized additive
models (F and p values refer to explanatory variables, while adjusted R2 is the whole
model). For models with no significant variable, we show the model parameters with
the last (non-significant) variable that was retained in the sequential backward selection.
Abbreviations: TP – total phosphorus, cond – conductivity, DIN – dissolved inorganic
nitrogen, Z – water depth, area - total surface area. Direction of the relationships is in-
dicated with “-” for negative and “+” for positive and “∪” for U-shaped relationship
(added in brackets).
Variable F p R2 adj.
Species richness (alpha diversity)
Benthic diatoms TP (−) 11.38 *** 0.33
Zooplankton cond (−) 8.36 ** 0.48
DIN (−) 7.59 **
TP (−) 5.38 *
Macroinvertebrates cond (−) 7.70 ** 0.42
DIN (−) 8.50 **
Z (+) 4.60 *
Local contribution to beta diversity (LCBD)
Benthic diatoms cond (∪) 18.60 *** 0.43
TP (+) 7.14 **
Zooplankton cond (∪) 11.65 *** 0.38
Z (−) 6.26 *
Macroinvertebrates cond (∪) 7.50 ** 0.36
Z (−) 10.10 **
Replacement component of LCBD
Benthic diatoms cond (∪) 6.81 ** 0.20
Zooplankton DIN (−) 1.62 ns 0.01
Macroinvertebrates area (−) 7.58 ** 0.11
Richness difference component of LCBD
Benthic diatoms TP (+) 4.94 * 0.08
Zooplankton cond (∪) 7.50 ** 0.20
Macroinvertebrates Z (−) 2.68 ns 0.03
Significance levels: ‘ns’ p > 0.1, ‘.’ p < 0.1, ‘*’ p < 0.05, ‘**’ p < 0.01, ‘***’ p < 0.001.
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